SUMMARY.
Iron-responsive elements (IREs) are the RNA stem-loops that control cellular iron homeostasis by regulating ferritin translation and transferrin receptor mRNA stability. We mapped a novel Iron-responsive Element (IRE-Type II) within the 5'untranslated region (5'UTR) of the Alzheimer's Amyloid Precursor Protein (APP) transcript (+51 to +94 from the 5' cap site).
The APP mRNA IRE is located immediately upstream of an interleukin-1 (IL-1) responsive acute box domain (+101 to +146). APP 5'UTR conferred translation was selectively down-regulated in response to intracellular iron chelation using three separate reporter assays (CAT, luciferase and RFP (Ds Red) reflecting an inhibition of APP holoprotein translation in response to iron chelation. Iron influx reversed this inhibition. As an internal control to ensure specificity, a viral Internal Ribosome Entry Sequence (IRES) was unresponsive to intracellular iron chelation with desferrioxamine. Using RNA mobility shift assays (REMSA), the APP 5'UTRs, encompassing 
INTRODUCTION
The amyloid precursor protein (APP) is cleaved into the 40-42 amino acid Aβ-peptides (Aβ) that constitute the main component of the neurotoxic amyloid plaques formed during the progression of Alzheimer's disease (AD) and Down's syndrome (DS) (1, 2) . In healthy individuals, APP holoprotein is ubiquitously expressed as a protein resembling a Type 1 transmembrane receptor and metal-binding protein (3, 4, 5, 6) . Secreted APP (APP(s)) is neurotrophic (7) .
There are now several reports supporting an important role for translational regulatory mechanisms to control APP synthesis and probably Aβ−peptide secretion in biologically relevant circumstances (8) . First, interleukin-1 (IL-1), the first cytokine released during the acute phase response, significantly increases APP protein synthesis in astrocytes without altering APP mRNA levels (9) . IL-1 acts by regulating APP and ferritin genes at the level of message translation (9) .
Second, reversible ischemic assault significantly increases APP levels without any alteration in the steady-state levels of APP mRNA in rabbit spinal cord neurons (10) . Third, APP mRNA 3'UTR sequences located between alternative poly (A) selection sites maintain efficient translation of microinjected APP in Xenopus oocytes and in CHO tranfectants (11) .
Iron-responsive Elements (IREs) are RNA stem loops that post-transcriptionally control the balance of cellular iron storage and transport (12) . IREs mediate iron-induced upregulation of the L-and H-subunits of the universal iron storage protein ferritin (13, 14, 15, 16) .
Translation of the L and H ferritin mRNAs (L-and H-mRNAs) is repressed by the binding of
Iron-Regulatory Proteins (IRPs) to the 5' cap-specific IRE stem loops (IRPs) (17, 18) . IRP-1 (90 kDa) and IRP-2 (105 kDa) interact with IREs to suppress ferritin translation (19, 20) . Iron influx releases IRP induced translational repression of ferritin by lowering the binding affinity of IRP-1 to the IRE and enhancing the degradation of IRP-2 (18, 21, 22) .
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The recent finding that IRP-2 knockout mice develop a motor disorder with ataxia, bradykinesia and tremor (18) , supports a possible role for the disruption of brain iron levels and compartmentalization in the etiology of neurodegenerative diseases. Mutations to the hemochromatosis gene have been linked to the age of onset of AD (23) . AD patients display enhanced levels of the metal in the cortex regions of the brain (24) . Metals are present in the brains of AD patients at higher levels than age matched control subjects (25, 26) leading to an altered pattern of IRE-IRP binding (27) . Also the iron storage protein ferritin is present in neuritic amyloid plaques (28) . Intracellular iron levels modulate the cleavage of APP and cause a higher secretion of APP ectodomain (APP(s)) into the conditioned medium of CHO cells (29) .
Iron may modulate the levels of cellular APP associated with protein processing by alphasecretase, a metalloprotease that is a member of the ADAM family of metalloproteases (30, 31) .
In this report we extend our previous observations that characterized how IL-1 controls APP translation, to show the presence of a novel and functional Iron-regulatory Element within the 5'UTR of APP mRNA (+51 to +94 from the 5' cap site). This IRE, which we name IRE-Type II, is located immediately upstream of the IL-1 responsive acute box domain in the 5'UTR of APP mRNA (+101 to +146), similar to the ferritin L-and H-mRNAs. The APP 5'UTR was selectively responsive to intracellular iron levels in a pattern that reflects iron-dependent regulation of intracellular APP synthesis. To assess specificity to iron levels, two separate viral RNA sequences were shown to be unresponsive to intracellular iron chelation with desferrioxamine. Finally APP mRNAs specifically bound Iron-regulatory proteins (IRP-1 and/or IRP-2) in the 5'UTR whereas IRP binding no longer occurred when cRNA probes were mutated in the core IRE homology domain in the APP 5'UTR translational control element. Therefore the hybrid APP-luciferase mRNA expressed in pGALA transfectants exhibits the natural arrangement of APP gene 5' and 3' untranslated regions to provide an authentic representation of the non-coding regions of the precursor transcript.
d) The dicistronic construct, pJR-1, was prepared from the pIRES2 vector backbone (Clontech) which contained an Internal Ribosome Entry Site element (IRES) followed by EGFP gene. A PCR-generated DNA cassette encoding 146 bp APP 5' UTR was first cloned into the multiple cloning site (MCS) of pIRES2 between unique XhoI/Eco RI sites. The downstream EcoRI/BamHI sites were then used to ligate in the luciferase reporter gene (Luc) (Promega, Madison, WI) or the RFP reporter gene (= dsREDN-1 from Clontech).
(e) For RNA gel-shift studies the pBS(APP) construct used for REMSA studies was prepared by inserting the 3 kb fragment of APP into the co-blunt ended HincII site in pBS(sk+) by guest on November 19, 2017 http://www.jbc.org/ Downloaded from vector (Stratagene) ( Figure 6 ). Sense APP 5'UTR cRNAs were transcribed using T3 polymerase with linearized NruI digested pBS(APP) as template. For experimental controls, T7 polymerase transcribed antisense transcripts from SpeI digested pBSAPP template. A labeled 28 nt sense Hferritin IRE transcript was transcribed from the pTHfer construct which was a generous gift of Dr.
Kuhn (Epingles, Switzerland)(32).
Transfections
Neuroblastoma cells (SY5Y) were transfected with 10 µg DNA from the pGL-3, pGAL and pGALA constructs, and were co-transfected with 5 µg DNA from a construct that expresses Green Fluorescent Protein (GFP). Luciferase and GFP reporter genes were expressed from an SV40 promoter. 
RESULTS

1.
Iron and the control of APP gene expression at the translational Level.
Using neuroblastoma cells we performed western blot analyses with an APP polyclonal antibody, C8 directed to the APP C-terminus, to test whether cellular iron levels altered cellular APP protein levels and/or changed the amount of APP secreted into the conditioned medium of iron-treated cells. The APP antibody R1738 was used to detect secreted APP ectopdomain. Figure 
2.
A putative IRE-Type II in the APP mRNA 5'untranslated region.
The iron and IL-1-dependent regulatory pattern for APP holoprotein expression shown in Wisconsin). Figure 2B shows that an overall 67% identity was detected between APP 5'UTR sequences (+51 to +94) and the 44 nt iron-responsive element (IRE) in H-ferritin mRNA (+12 to +59) (red lettering also shown in figure 7 ). Two clusters within the APP 5'UTR (IRE-Type II sub domains) showed >70% identity with the ferritin IRE sequences. First an 16 base sequence in APP mRNA (+51 to +66) was found to be 72% similar to 5' half of the H-mRNA IRE (+12 to +27). Second APP sequences (+82 to +94) (a 13 base cluster) were found to be 76% identical to In panel D a set of separate pSV2(APP)CAT-based transfections showed that IL-1 and Fe 2 Tf (10µM) treatment (12 hr) induced CAT reporter gene expression by >3-fold. In this experiment transfected CAT expression was assayed using a liquid scintillation CAT diffusion assay as we previously described (36). The transcription rates of the CAT gene in
3.
The APP 5'UTR Encodes a Functional Iron Responsive Element.
Since APP 5'UTR sequences are homologous to the ferritin IREs and since APP is regulated by iron and binds to both iron and copper (3), we tested the relative capacity of the iron chelator, desferrioxamine, to suppress APP 5'UTR driven translation of a second reporter gene.
For the purpose of maximizing specificity a construct was designed to express two reporter genes transcribed in a single dicistronic mRNA from one CMV promoter. (38) . In this configuration, both the RFP and GFP genes could be expressed at stoichometrically equivalent levels on the same plasmid from the same CMV promoter. Operationally the transiently transfected cells were passaged into 4 duplicated rows of a 96-well plate and then exposed to (i) Df (1 µM to 100 µM) (ii) matching concentrations the divalent copper-zinc chelator, clioquinol (1µM to 100 µM in the adjacent 3 rows) (iii) the non-metalspecific divalent cation chelator, EDTA (1µM to 100 µM in the adjacent 3 rows). To ensure equal experimental transfection efficiency in all experiments luciferase activity was standardized by assessing the levels of co-transfected GFP activity. A dose response chelator-inhibition curve was set up using the average luciferase activity measured in 4 separate wells per drug dose. Each point is the average of 4 separate wells for generating the dose-response curves in figure 5 .
Extrapolation from the dose-response curve in figure 5A showed that 10 µM in the 5'UTR of the mRNA encoding the Alzheimer's Amyloid Precursor Protein (APP). We previously showed that IL-1 stimulated 12-fold increase in the rate of astrocytic APP protein synthesis through APP 5'UTR sequences (9) . In that same report, iron levels also were shown to regulate APP mRNA translation in astrocytic cells (9) We concluded that the RNA Protein Complex (RPC) formed after the binding of IRP-1 to APP 5'UTR sequences was highly specific because the RPC was readily supershifted and cross-competed by unlabeled ferritn IRE sequences. Binding to recombinant IRP-1 and a lysate IRP was abrogated by the presence of a deletion mutation in the loop region homology domain-2.
In figure 7 there remains residual binding between the mutant APP 5'UTR cRNA and recombinant IRP-1 (10-fold less than wild-type). We suggest the maintenance of residual RNase Protection analysis was performed using a pBSCAT generated cRNA probe as previously described (21) . 
